Neuronal responses to auditory stimuli and electrical stimulation were examined in 104 neurones in the auditory sector of thalamic reticular nucleus (TRN) and nine medial geniculate (MGB) neurones from anaesthetized guinea pigs. TRN neurones showed rhythmic spontaneous activities. TRN neurones changed firing pattern over time, from tonic to burst in a time interval of several seconds to tens of seconds. One-third of the TRN neurones (25/76) responded to the acoustic stimulus in a slow oscillation mode, either producing a spike burst at one time and responded with nothing another time, or producing a spike burst at one time and a single spike at the other. Thirty-two of 40 neurones received a corticofugal modulation effect. Nineteen of 32 neurones responded directly to electrical stimulation of the cortex with an oscillation of the same rhythm (7-14 Hz) as its auditory-evoked oscillation. Six neurones changed their firing pattern from burst to tonic when the auditory cortex was activated. As the TRN applied inhibition to the MGB, the oscillatory nature of inhibition would affect the fidelity of MGB relays. Thus, it was unlikely that the MGB was in relay mode when the TRN was in a slow oscillation mode. These results hint at a possible mechanism for the modulation of states of vigilance through the corticofugal pathway via the TRN. The dorsal thalamus relays sensory and motor information to the cerebral cortex and receives strong modulation from its projection cortex. Both thalamocortical and corticothalamic projections pass through and extend collateral branches into the thalamic reticular nucleus (TRN) in the ventral thalamus. The TRN consists of GABAergic neurones and projects back only to the dorsal thalamus (see review by Jones, 1985; Steriade et al. 1997) . GABAergic TRN neurones demonstrate several frequencies of rhythmic oscillations, possibly mediating interactions between the thalamus and the cortex (Steriade & Deschênes, 1984; Deschênes et al. 1985; Domich et al. 1986; McCormick & Prince, 1986; McCormick & Feeser, 1990) . Some rhythms such as spindle oscillation, delta oscillation and slow oscillation are supposedly initiated or heavily involved in the TRN. Thus, the TRN is also called the pacemaker for the thalamic oscillation (Steriade et al. 1987 (Steriade et al. , 1991 (Steriade et al. , 1993 Bal & McCormick, 1993; McCormick & Bal, 1997; Soltesz & Crunelli, 1992) .
The dorsal thalamus relays sensory and motor information to the cerebral cortex and receives strong modulation from its projection cortex. Both thalamocortical and corticothalamic projections pass through and extend collateral branches into the thalamic reticular nucleus (TRN) in the ventral thalamus. The TRN consists of GABAergic neurones and projects back only to the dorsal thalamus (see review by Jones, 1985; Steriade et al. 1997) . GABAergic TRN neurones demonstrate several frequencies of rhythmic oscillations, possibly mediating interactions between the thalamus and the cortex (Steriade & Deschênes, 1984; Deschênes et al. 1985; Domich et al. 1986; McCormick & Prince, 1986; McCormick & Feeser, 1990) . Some rhythms such as spindle oscillation, delta oscillation and slow oscillation are supposedly initiated or heavily involved in the TRN. Thus, the TRN is also called the pacemaker for the thalamic oscillation (Steriade et al. 1987 (Steriade et al. , 1991 (Steriade et al. , 1993 Bal & McCormick, 1993; McCormick & Bal, 1997; Soltesz & Crunelli, 1992) .
In the auditory sector of the TRN, neurones show various response patterns to acoustic stimuli: burst response and phasic ON response and OFF response (Shosaku & Sumitomo, 1983; Simm et al. 1990; Villa, 1990; Falconi & Malmierca, 2000) . TRN neurones can be triggered acoustically to oscillation of 5-13 Hz. Activation of TRN neurones induces focal gamma waves of ∼35-55 Hz in the cortex (Shosaku & Sumitomo, 1983; MacDonald et al. 1998; Cotillon & Edeline, 2000; Cotillon-William & Edeline, 2003) . TRN neurones are not tonotopically organized (Simm et al. 1990) .
Though the functional roles of firing mode are still controversial (Swadlow & Gusev, 2001; Steriade, 2001a; Sherman, 2001a) , we know that both thalamic relay neurons and TRN neurons have two firing modes: tonic and burst (Jahnsen & Llinás, 1984; Sherman, 2001b; He & Hu, 2002) . Although the TRN has been extensively explored using in vivo preparations and slice preparations over the past 20 years (Deschênes et al. 1985; Steriade et al. 1993; Kim et al. 1995 Kim et al. , 1997 Golshani & Jones, 1999) , many questions still remain and await answers with in vivo physiological experiments: (1) how does a single neurone change the firing mode in an in vivo preparation? (2) How does a single neurone respond to acoustic stimuli and electrical cortical stimulation? (3) Does and if so how does the cortical activity modulate the firing mode of the TRN neurons?
Using in vivo extracellular recording methods, we focused our study on the auditory sector of the TRN. The auditory system provides an excellent model to manipulate the temporal relationship between acoustic stimuli and electrical stimulation of the cortex, and between the neuronal responses of the TRN and the MGB. We examined TRN neurones in a long time scale of hundreds of seconds in spontaneous firing, with an acoustic stimulus, and/or with electrical stimulation of the auditory cortex.
Methods

Animal preparation
All procedures were approved by the Animal Use Committee of Shanghai Institutes for Biological Sciences, Chinese Academy of Sciences. The experiments were carried out according to the guidelines laid down by the above committee and the Society for Neuroscience. Twenty guinea pigs of either sex, weighing 342-730 g, with clean external ears, were used in the study. Anaesthesia was initially induced with pentobarbital sodium (Nembutal, Abott, 35 mg kg −1 , i.p.) and maintained by supplemental doses of the same anaesthetic (5-10 mg kg −1 h −1 ) during the surgical preparation and recording. Atropine sulphate (0.05 mg kg −1 , s.c.) was given 15 min before anaesthesia to inhibit tracheal secretions. The subject was mounted in a stereotaxic device following induction of anaesthesia. A midline incision was made in the scalp. A craniotomy was performed to allow vertical access to the MGB and the auditory sect of TRN. The craniotomy also allowed perpendicular access to the auditory cortex in the right hemisphere. The dura mater was removed above the MGB, the TRN and the auditory cortex. The head was fixed with two stainless steel bolts and acrylic resin to an extended arm from the stereotaxic frame. After the head was fixed, the right ear was freed from the ear bar so that the subject's head remained fixed to the stereotaxic device without movement.
Acoustic stimuli
Acoustic stimuli were generated digitally by an Auditory Workstation (Tacker-Davis Technologies, TDT, Alachua, FL, USA) controlled by a PC. Acoustic stimuli were delivered via a coupled electrostatic speaker (EC1, TDT) mounted to a probe. The sound pressure level (SPL) of the speaker was calibrated with a condenser microphone (Center Technology, Taipei). The subject was placed in a double-walled soundproof room (NAP, Clayton, Australia). Repeated noise bursts and pure tones with intervals of 1 s or longer were used to examine TRN and MGB neurones. Pure tones with intervals of 1 s or longer were used to characterize the best frequencies of the recorded neurones.
Electrical stimulation
We performed several mapping studies of the auditory cortex prior to the present study and found that the site of stimulation only made a quantitative difference in the corticofugal modulation of thalamic neurones in the guinea pig He, 2003a) . In the present study, we omitted the mapping procedure to save time for conducting recordings of the TRN neurons. An electrode array consisting of three parallel electrodes was implanted into the auditory cortex (the anterior and dorsocaudal auditory fields, Redies et al. 1989; He, 2001; . We used electrical current pulse trains (0.1 ms or 0.2 ms in width, 50 Hz or 200 Hz in frequency, and 5-20 pulses) to activate the auditory cortex (Edeline et al. 1994; He, 1997; . Electrical currents of 50-200 μA were applied to the auditory cortex, ipsilaterally to the recording thalamus, through either a mono-or bi-polar low impedance electrode array. Following a delay of 100 ms after the end of the cortical stimulation, a sound stimulus was delivered to the contralateral ear of the recording thalamus (He, 1997) .
Recording
Platinum or tungsten microelectrodes with impedances of 1-3 M or 9-12 M (Frederick Haer & Co., Bowdoinham, ME, USA) were advanced by a steppingmotor microdrive, which was controlled outside the soundproof room. The signal picked up by the microelectrode was amplified and stored in a PC using Axoscope software (Axon Instruments/Molecular Devices, Sunnyvale, CA, USA). The electroencephalogram (EEG) of the auditory cortex and the acoustic stimulus signal were also amplified and stored by Axoscope. The time of spike occurrence relative to stimulus delivery and the peri-stimulus time histograms (PSTHs) of the responses were calculated with custom-made software on the platform of Microsoft Excel.
The TRN and MGB were accessed vertically from the top of the brain in the stereotactically positioned subject. Penetrations were made according to a guinea pig brain atlas (Rapisarda & Bacchelli, 1977) . The vertical coordinate of the electrode was determined at a point slightly above the cortical surface at the first penetration. A single electrode was used for each experiment, so that the depth coordinates could be kept consistent for different penetrations during recording in the TRN. This technique enabled us to reconstruct a physiological map of the entire frontal TRN plane containing many penetrations. A single marking lesion was made at the last penetration.
We isolated single units in the TRN using an amplitude window-discriminator. Multiple units were recorded in some cases. Multi-channel recording was performed (1) to simultaneously record neuronal activity of a TRN neurone and the EEG of the auditory cortex, (2) to simultaneously record neuronal activities from two separate neurones in the TRN along with the EEG, and (3) to simultaneously record the neuronal activities of a TRN neurone and an MGB neurone.
Data processing
The response latency was determined as the time interval between the onset of the stimulus and the half-peak of the ON response from the 1 ms PSTH under a noise burst of (Rapisarda & Bacchelli, 1977) showing electrode tracks and lesion The mediolateral coordinate is shown above the map while the depth coordinate is shown on the left. The depth coordinate was established at the first penetration and kept constant during the mapping process (see He, 2001 for detailed method). The asterisk indicates the lesion site made after the recording in the last electrode penetration. The Nissl section was enlarged by 13.0% to match the marks of the electrode tracks with the stereotaxic coordinates of the physiological recording, since the brain sections shrank by that amount during Nissl processing. Raster displays of six auditory-responsive neurones sampled from varied locations and electrode tracks are shown. Noise-burst stimulus indicated below each raster display was used to examine the auditory response of each neurone. Duration of the stimulus was 200 ms and the interstimulus interval was 1 s. Scale bar: 250 μm. 60 dB SPL. Response duration was calculated between the two half-peak points of ON response.
A plot of spike counts versus time was illustrated for a few neurones. The spectra of the spike count over time were calculated using a fast-Fourier-transform algorithm. Since the algorithm required a data set with data points of the nth power of 2, we used either the first 64 or 512 data points in the present study.
Anatomical confirmation
After the recording session, animals were killed with an overdose of sodium pentobarbital and perfused were cut transversally into 50 μm thick sections using a freezing microtome. All sections were stained using the Nissl method. Nissl sections were overlapped with the physiological map, using the electrode penetration tracks and the lesion for guidance. There was some shrinkage of the sections after the Nissl procedure. Enlargements of 10-13% of the Nissl images were made to match them to the physiology maps. Nine animals were used for anatomical confirmation. Figure 1 shows an example of the locations of recording sites. As described in Methods, we recorded neurones from a single frontal plane, keeping the depth and mediolateral coordinates consistent during the experiments, so that all recorded neurones of the same session could be located on a single coordinate system.
Results
We recorded from 104 TRN neurones to characterize patterns of spontaneous activity, noise-burst evoked responses, and auditory cortical stimulation evoked responses. 
Spontaneous activity of TRN neurones
TRN neurones in anaesthetized animals showed rhythmic spontaneous activities. The neurone in Fig. 2A showed two rhythmic activities in its spontaneous state: (1) a rhythmic activity with 2-3 s per cycle (slow oscillation: 0.3-0.5 Hz, upper trace), and (2) a rhythmic bursting activity of 3-5 Hz (delta oscillation, lower traces). The spike train shown in Fig. 2Ab , which was depicted in Fig. 2Aa , showed an increased interspike interval (ISpI) between the later spikes compared with the ISpI of the first two spikes (2.3 ms).
The ISpI between the first two spikes along with the trend of increasing ISpI for the later spikes qualify the spike train as a low-threshold calcium spike burst (LTS burst, Jahnsen & Llinás, 1984) . Figure 2B shows a simultaneous recording of two TRN neurones and an EEG of auditory cortex. A slow rhythmic oscillation with ∼20 s per cycle was observed from both TRN neurones and the EEG. were synchronized, though there was a delay between the TRN neurones and the EEG waves (Fig. 2Ba) . The wave in the EEG during the peak phase was spectrally analysed. Its spectra had multiple peaks, ranging from 7 to 14 Hz as shown in Fig. 2Bb . Figure 3 shows raster displays of two TRN neurones, which shifted between burst-and tonic-spike modes. Examples for extracellular recordings of burst-and tonic-spike modes are shown in the insets: Fig. 3Ba and b, respectively. The lower part of the raster display in Fig. 3A shows that the mode shifted from tonic to burst at trial 15, from burst to tonic at trial 45 and again from tonic to burst at trial 70. The vertical lines on the right of Fig. 3A indicate the trials of the burst-spike mode. The interval between two burst-spike modes varied during the recording for both neurones shown in Fig. 3. Neurons a, d and e in Fig. 1 also showed a tendency of switching between the burst-and tonic-spike modes.
In summary, TRN neurones showed two firing modes: burst-spike and tonic-spike. TRN neurones showed spontaneous rhythmic activities in various frequency ranges: spindle (7-14 Hz), delta oscillation (3-5 Hz), slow oscillation (0.3-0.5 Hz) and ultraslow rhythm (20 s in cycle). These rhythms changed over time.
Auditory responses to acoustic stimulus
The responses of auditory TRN neurones to acoustic stimuli were varied, as shown in Fig. 1 (a-f ) . Acoustic responses were classified into four typical responses, as shown in Fig. 4 : A, an ON response followed by a few rebounded responses (30/76); B, a burst-spike ON response with a long latency (12/76); C, an OFF response followed by a few rebounded responses; and D, a single spike ON response. Types A and B accounted for the majority of the TRN neurones (55%); OFF response neurones (type C, 12/76) accounted for 16%; while type D (5/76) accounted only for 6% of the total TRN neurones. The rest were of weak auditory responses and were categorized as others, as an example shown in Fig. 1  (unit d) . Some neurones showed bimodal responses to acoustic stimulus: burst and single spike ON responses; they were classified as type B neurones. Only those neurones that always showed single spike responses were classified as type D neurones. The neurone in Fig. 5 showed an ON response to a repeated noise-burst stimulus. In the PSTH, three rebounded responses can be detected (left panel). The right panel of Fig. 5 shows the raster display and PSTH of ON response with an expanded time axis. A spike-burst response was clearly detectable at each onset of repeated acoustic stimuli. The burst consisted of ∼10 spikes.
The latency distribution of 76 TRN neurones recorded is shown in Fig. 4E . The majority (47/76) of the TRN neurones showed a latency between 10 and 20 ms, while a portion (26/76) had a latency greater than 80 ms. Compared to MGB neurones (mean latency: 9.6 ± 3.9 ms, n = 7 in the present study; mean latencies: medial division 7.8 ms, ventral 11.0 ms, dorsal 14.4, and shell division 16.5 ms, n = 834, Anderson et al. 2006) , the TRN neurones showed a longer auditory response latency (13.3 ± 3.1 ms, n = 48; those with extreme long latency greater than 80 ms were excluded from the statistics).
One-third of the TRN neurones (25/76) responded to the acoustic stimulus with spike trains at one time and responded with nothing another time, or responded to the acoustic stimulus with a spike burst at one time and a single spike another time. response neurones. Over a period of 600 s, the neurone in Fig. 6A showed burst responses. The neurone, however, showed an ON burst response, followed by irregular bursts to a noise-burst stimulus at one time (marked with bars in the right depicted raster display) and with nothing at another time (in between the bars, right raster display). The no-response period from trial 153 onward was 12 s. At trial 280, the no-response period was 13 s. The period of the shifting between burst-response and no-response of this neurone ranged from 10 s to 120 s. The neurone in Fig. 6B showed the same response pattern, but showed a short cycle of the oscillation of ON response and no-response (average 8 s).
Though there were a small number of TRN neurones (5/76) that showed a single spike ON response to acoustic stimulus, the majority of TRN neurones had burst-like ON responses. The TRN neurone in Fig. 7A showed burst responses for its ON and rebound responses to the noise-burst stimulus. Alternatively, the paired MGB neurone showed a singlet/doublet-spike response, followed by a few isolated responses (in its raster display) to the same acoustic stimulus. The TRN neurone shown in Fig. 7B showed an ON burst response that lasted for 30 ms, while its paired MGB neurone showed a very short ON response to the same acoustic stimulus. Of the seven pairs of neurones examined, the duration of ON responses of TRN neurones was significantly longer than that of MGB neurones (18.1 ± 8.8 ms versus 4.8 ± 2.2 ms; P < 0.01, paired t test).
Responses of TRN neurones to cortical stimulation
Of 40 TRN neurones examined, 32 neurones received a corticofugal modulation effect. Figure 8 shows the neuronal responses to electrical stimulation of two TRN neurones.
The neurone in Fig. 8A responded to the acoustic stimulus (A) with a broad ON response, followed by several rebounds. The neurone responded to the electrical stimulation (ES only) of the auditory cortex with several rebounds. The tick artifacts of the electrical stimulation reflected that the neurone was directly driven by the cortical stimulation. The neurone responded to the combination of cortical stimulation and the acoustic stimulus (ES + A). The neurone showed a shorter oscillatory period to acoustic stimulus when the cortex was activated (ES + A), compared to the response to the acoustic stimulus (A) when the cortex was not activated. Nineteen of the 32 neurons were categorized as this type. stimulation evoked some burst-like responses with and without the acoustic stimulus. Seven of the 32 neurones were categorized as this type.
In summary, stimulation of the auditory cortex caused modulatory effects on the majority of TRN neurones examined (32/40). Similar to the auditory stimulus, cortical stimulation could evoke oscillatory responses in TRN neurones. The duration of the auditory-evoked oscillation was shortened by cortical stimulation.
Switching of firing mode and firing rhythm of TRN neurones by cortical activation
Besides the above corticofugal modulatory effects, cortical activation of the auditory cortex could also switch the firing mode of TRN neurones. Figure 9 shows the corticofugal modulatory effects for a TRN neurone.
The neurone in Fig. 9 showed a sustained ON response of 25 ms to the acoustic stimulus (trials 1-50) and decreased its auditory responses for some trials in which the auditory cortex was stimulated before the auditory stimulus (ES + A, trials 51-100). The neurone changed to a tonic spontaneous firing mode when only the auditory cortex was stimulated (ES, trials 101-150). No obvious change of firing mode was detected only during acoustic stimulus.
Six neurones changed their firing mode when the auditory cortex was activated. The neurones in Fig. 10A showed a slow rhythmic activity of 5-10 s per cycle (i.e. 0.15 Hz) before the auditory cortex was stimulated, but the slow rhythm was terminated by cortical ES. From the expanded traces, a second rhythm at the spindle frequency range (7-14 Hz) within the peak of the slow rhythm could be found (lower trace, Fig. 10Aa ). The second rhythm, however, was not altered by cortical ES (Fig. 10Ab, lower trace) .
Rhythmic stimulation of the auditory cortex entrained the spontaneous activities to the rhythm of cortical ES. An example of this is shown in Fig. 10B . The group of neurones showed a slow rhythm of 10-20 s before electrical stimulation of the cortex. There was a second rhythm in the peak of slow rhythm of ∼0.7 Hz (Fig. 10Ba) . With an interstimulus interval of 3 s in cortical ES, each ES pulse-train caused activity in the TRN neurone as shown in Fig. 10Bb . An intriguing result was that the TRN neurone kept a bursting rhythm (Fig. 10Bc) for 20 s after the ES was stopped.
Discussion
Auditory responses of TRN neurones
The major sources of input to the TRN are the collaterals of thalamocortical and corticothalamic fibres, all of which pass through the TRN (Jones, 1975; Rouiller & Welker, 1991) . The GABAergic TRN neurones project back to the dorsal thalamus, including the MGB (Jones, 1975; Houser et al. 1980; Rouiller et al. 1985; Crabtree, 1996 Crabtree, , 1998 .
TRN neurones in the auditory sector show both ON and OFF responses, along with both single-spike and burst responses (Shosaku & Sumitomo, 1983; Simm et al. 1990; Villa, 1990; Cotillon & Edeline, 2000; Krause et al. 2003) . All of these were confirmed in the present study. In the present study, we found the majority of TRN neurones in the guinea pigs to have a low threshold of < 30 dB SPL (data not shown). It was reported that more TRN neurones showed burst responses (lasting over 30 ms) than MGB neurones (Simm et al. 1990) . With paired recording of a TRN neurone and an MGB neurone, we could compare the response patterns between them. It was revealed that TRN neurones had a long-lasting burst response while the MGB tended to have short, phasic responses (Fig. 7) .
Two populations of the neurones with different auditory response latencies were found in the present study. The first population had a slightly longer latency than that of MGB neurones (Anderson et al. 2006) . These neurones were evoked by ascending input, while the latency of the second population was greater than 80 ms, possibly evoked by the corticofugal input.
It is widely accepted that the firing mode of the TRN and the dorsal thalamus is closely related to the states of vigilance; additionally, the burst mode is related to sleeping or drowsiness (Steriade & Deschênes, 1984; Steriade et al. 1986 Steriade et al. , 1997 McCormick & Feeser, 1990; McCormick & Bal, 1997) . Physiologically, the TRN has been considered the pacemaker for various thalamic oscillations (Steriade & Deschênes, 1984; Steriade et al. 1993; Grenier et al. 1998; Golshani & Jones, 1999) . Previous studies have shown that the auditory section of the TRN was involved in different rhythms of oscillations: spindle (7-14 Hz) and slow oscillation (0.3-0.5 Hz) (Shosaku & Sumitomo, 1983; Cotillon & Edeline, 2000) . The simultaneous recording of TRN neurones and the EEG over the auditory cortex showed that the spindle oscillation of the auditory cortex was synchronized with TRN neurones, indicating the involvement of the TRN in the oscillation of the cerebral cortex.
A striking finding of the present study was that TRN neurones changed their spontaneous firing pattern over time, from tonic to burst in a time interval of several seconds to over one hundred seconds. The slow rhythm in pattern changing may be similar to the slow rhythmic oscillations found during sleep and in the MGB (Steriade et al. 1993; He, 2003b) .
The double-electrode recording in the auditory TRN in the present study (Fig. 3B) showed a time lag in the synchronized spindle oscillations between the two recording sites, suggesting that the spindle oscillation could propagate within the TRN. The synchronized rhythmic oscillation may propagate within the TRN through electrically coupled neurones (Landisman et al. 2002; Long et al. 2004) . From the interspike intervals among the successive spikes in the bursts of the spindle rhythm ( Fig. 2A) , the bursts were likely to be low-threshold calcium spikes (Jahnsen & Llinás, 1984) .
A second striking finding of the present study was that the auditory response pattern changed in a subpopulation of the TRN neurones over time (Figs 1 and 6 ). These neurones responded to an acoustic stimulus at one time but not at other times, showing an ultraslow oscillation in their firing rate (Fig. 6) . The same firing pattern can be also found for the MGB neurones published previously by He (2003b) in which some non-lemniscal MGB neurones responded to the acoustic stimulus at one time but not at another time (Figs 2 and 3 of He, 2003b ). This firing activity was different from neurones in other principal nuclei in the auditory pathway, such as the central nucleus of the inferior colliculus, where neurones showed good firing regularity (Rees et al. 1997) . As the TRN applies inhibition to the MGB, the oscillatory nature of inhibition would affect the fidelity of MGB relaying. Thus, it is unlikely that the MGB is operating in relay mode when the TRN is in slow oscillation.
Anaesthetic effect
Anaesthetics affect spontaneous firing rates, firing patterns and auditory responses at different stages of the auditory pathways (Zurita et al. 1994; Massaux et al. 2004) . Generally, neurones under anaesthetized conditions show a lower spontaneous firing rate and a higher signal-to-noise ratio in their responses in both thalamus and cortex (Zurita et al. 1994) . Both tonic firing and burst firing are present in the anaesthetized and sleeping mode, but burst firings in the thalamus appear much more often in sleeping mode than in waking mode (Massaux et al. 2004) . Using the proportion of burst firings in all firings as the indicator, previous work showed that under pentobarbital anaesthesia, the guinea pig ranked in the middle among slow-wave sleep rats under urethane anaesthesia, rats under pentobarbital anaesthesia and rats under ketamine/xylazine anaesthesia. The proportion of burst firings in the guinea pig thalamus under pentobarbital anaesthesia was 15%, compared with 7% in slow-wave sleep and 30% in the rat thalamus under ketamine/xylazine anaesthesia (Massaux et al. 2004) .
Though there are no data available for comparison of the TRN under different conditions, all auditory-evoked response patterns and cortex-TRN interactions reported in the present study have been confirmed in urethane-anaesthetized rats (X. J. Yu & J. F. He, unpublished observation).
Corticofugal modulation of TRN neurones
Electrical activation of the auditory cortex causes mixed modulatory effects of facilitation and inhibition on the C 2007 The Authors. Journal compilation C 2007 The Physiological Society MGB, depending on the stimulation sites and recording sites (Ryugo & Weinberger, 1976; He 1997 He , 2003a . With an in vivo intracellular preparation, two recent studies have shown that electrical activation of the auditory cortex primarily exerts an inhibitory effect on the non-lemniscal MGB Xiong et al. 2004) . The shape of the corticofugal inhibition for some MGB neurones looks very similar to inhibition following spontaneous spikes, suggesting the possible involvement of TRN neurones in the corticofugal inhibition .
The auditory sector of the TRN can be activated by electrical stimulation of the auditory cortex (Shosaku & Sumitomo, 1983) . Recent studies show that the peak amplitudes of excitatory postsynaptic conductances evoked by minimal stimulation of corticothalamic fibres are ∼2.5 times higher in the TRN neurones, compared with thalamocortical neurones Liu et al. 2001) . This indicates that the corticofugal fibres to TRN neurones have a strong control over the excitability of the TRN neurones (Steriade, 2001b) . Although auditory TRN neurones receive topographical cortical projections from the auditory cortex (Rouiller & Welker, 1991; Kimura et al. 2005) , TRN neurones extend dendrites within the thin reticular sheet, which enable them to receive projections from a wide cortical region (Jones, 1975 (Jones, , 1985 Yen et al. 1985; Liu et al. 1995; Crabtree, 1999) . This might explain why most TRN neurones respond to cortical stimulation, during which a stimulating electrode was implanted into in auditory cortex at the beginning of each experiment in the present study. Although the collateral projections of corticothalamic fibres to the TRN modulated the auditory responses of the TRN neurones, this modulation could vary depending on the location of TRN neurones (Fig. 8) .
Another exciting finding of the present study was that corticofugal input could switch the firing mode of the TRN neurones from burst to tonic. It is understood that corticofugal projections can govern rhythmic thalamic activity (Steriade et al. 1972; Steriade & Deschênes, 1984; Huntsman et al. 1999; Bal et al. 2000; Golshani et al. 2001; He, 2003b) . In the auditory system, a slow rhythmic oscillation in the non-lemniscal MGB is terminated by electrical stimulation of the auditory cortex (He, 2003b) . This was the first study to show that the firing pattern of the TRN neurone is changed by corticofugal modulation in an in vivo preparation, hinting at a possible mechanism by which states of vigilance are switched through the corticofugal pathway via the TRN.
The results in Fig. 10 showing that cortical ES could alter the rhythm of the oscillatory activity in the TRN neurones are another reflection of corticofugal modulation of the TRN. The result that rhythmic electrical stimulation of the auditory cortex entrained the neuronal oscillation was probably linked to network oscillation among the cortex, TRN and MGB, hinting that the cortex had the power to initiate the oscillation.
Concluding remarks
One finding of this study is that a subpopulation of TRN neurones in the burst mode showed a slow rhythmic oscillation. These neurones responded to acoustic stimulus at one time, but not another. As the TRN applies inhibition to the MGB, the oscillatory nature of inhibition would affect the fidelity of MGB relaying. Thus, it is unlikely that the MGB is operating in relay mode when the TRN is in slow oscillation. Another notable result was that the firing mode and the rhythm of oscillation of the TRN neurone were changed by electrical stimulation of the auditory cortex. One implication is that the cortex has the power to change the oscillation of the corticothalamic network. Since the firing mode reflects the states of vigilance, these results imply that the corticofugal pathway may be involved in the switching of the states.
